Aim: Tobacco smoking has been found to be significantly associated with a decreased chance of reaching longevity in men, but not in women. Furthermore, it is still unclear how the association of smoking status with longevity varies under the influence of underlying smoking characteristics. Therefore, we aimed to quantify the association between several smoking characteristics and the chance of reaching the age of 90 years in men and women separately.
Introduction
Surviving to the age of 90 years is a phenomenon that only a small part of the population has been able to reach. To date, tobacco smoking is one of few established lifestyle factors associated with a decreased chance of reaching an older age, commonly referred to as longevity. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Although most studies found a significant negative association between tobacco smoking and reaching longevity in men, inconclusive results were found in women. 1, 9, 11 Additionally, besides smoking status, little is known on how specific smoking characteristics relate to the chance of reaching longevity. Using a large prospective cohort, we examined whether overall and tobacco-specific smoking status at the age 68-70 years was associated with an increased or decreased chance of reaching longevity, defined as reaching 90 years-of-age in both sexes separately. In addition, we assessed which, if any, (early) cigarette smoking features, such as smoking quantity, duration, age at smoking initiation and cessation, inhalation, filter tip use, and the amount of tar and nicotine exposure, were associated with reaching longevity.
Methods

Study design and population
For the present study, data from the Netherlands Cohort Study (NLCS) were used. The NLCS was set up in 1986 as a large prospective cohort study, which aimed to investigate the relationship between diet and cancer in the Netherlands. 12 Baseline data were collected from 120 852 men and women on lifestyle, dietary habits and other cancer risk factors using a self-administered questionnaire. Generally, the NLCS uses a case-cohort design with a random subcohort of 5000 participants to increase efficiency in the data processing and follow up. 12 In addition, the full NLCS cohort has been followed up for mortality. This was done by record linkage to the Central Bureau for Genealogy from September 1986 until 1995, and to the municipal population registries from 1995 until 2007. Because only a part of the subcohort was "at risk" of reaching the age of 90 years at the onset of this longevity project, we were forced to look beyond the subcohort and select those participants in the full cohort who were able to reach the age of 90 years in 2007. Therefore, the data entry was restricted to the oldest birth cohorts (1916 and 1917) of the NLCS cohort. The participants from these two birth years form the longevity cohort for the current analyses in the NLCS (i.e. aged 68-70 years at baseline). Follow up for vital statistics of the longevity cohort until the age of 90 years (2006) (2007) was 99.9% complete. Seven participants were lost to follow up due to migration. As a result, this study population consisted of 3646 men and 4161 women (Appendix S1). The NLCS study has been approved by the institutional review boards of Maastricht University (Maastricht, the Netherlands) and the Netherlands Organization for Applied Scientific Research TNO (Zeist, the Netherlands).
Exposure assessment
At baseline, all participants completed an 11-page selfadministered questionnaire, including detailed information on tobacco consumption. In addition to smoking status (never, former and current smoker), participants were asked about their starting age, quitting age, smoking quantity, smoking duration and smoke inhalation for each tobacco product separately. Additional information was collected regarding specific cigarette characteristics, such as brand, filter use and type of cigarette (mild, regular and strong). 13 Cigarette brand-specific information on nicotine (in mg) and tar content (in mg) was obtained from the Dutch Inspectorate for Health Protection, the Dutch Foundation on Smoking and Health, and the Dutch Foundation of the Tobacco Industry. 13 The product of cigarette smoking quantity and cigarette brand-specific content was used to calculate the exposure to tar and nicotine per day. Questionnaire data of the birth cohorts 1916-1917 were key-entered and processed in a standardized manner, and blinded with respect to the outcome. Participants with missing information on overall tobacco smoking status (n = 37) and potential confounders were excluded from the analyses (n = 1275). As a result, 3283 (49.4%) men and 3359 (50.6%) women were included in the analyses (Appendix S1).
Statistical analysis
Baseline characteristics were presented by sex and overall tobacco smoking status, with frequencies (percentages) for categorical variables, and with mean including SD for continuous variables. Investigated smoking habits included overall and tobacco-specific (cigarette, cigar and pipe) smoking status, cigarette smoking quantity, cigarette smoking duration, age at cigarette smoking initiation, age at cigarette smoking cessation, time since cigarette smoking cessation, cigarette smoke inhalation, filter tip use, and exposure to tar and nicotine. Age-and multivariable-adjusted risk ratios (RR) of reaching longevity with corresponding 95% confidence intervals (95% CI) were estimated using Cox regression models with a fixed followup time.
14,15 Standard errors were calculated using the robust Huber-White sandwich estimator to account for underdispersion. 16 All analyses were carried out separately for men and women.
In multivariable analyses, RR were adjusted for potential confounders. Diseases for which we adjusted had the potential to influence smoking habits and the chance of reaching longevity. These included any type of cancer, asthma, chronic bronchitis, angina pectoris, heart attack, stroke and diabetes. For trend analyses, ordinal exposure variables were fitted as continuous terms, and never cigarette smokers were excluded. To evaluate potential effect modification, multivariable-adjusted analyses of cigarette smoking status with longevity were carried out within strata of important risk factors. Wald tests and cross product terms were used to test for interaction with these factors. All analyses were carried out using Stata 14.0 (StataCorp, College Station, TX, USA). P-values were based on two-sided tests and considered statistically significant if P < 0.05.
Results
Compared with women, men were more likely to be an ever smoker of any tobacco product at baseline (Table 1) . Most smokers, especially women, exclusively smoked cigarettes. In general, the average number of cigarettes smoked per day and years of smoking duration was higher in men compared with women (Table 1) . Among ever cigarette smokers, men were more likely to inhale smoke and less likely to smoke filter-tipped cigarettes than women (Table 1) .
In men, smokers were less often highly educated compared with never smokers (Table 1 ). In women, smokers had a somewhat lower average body mass index, and were more often highly educated compared with never smokers. In both sexes, the mean alcohol consumption per day was highest in smokers, and the proportion of people with a history of (selected) diseases at baseline was highest in former smokers (Table 1) .
Overall, men were less likely to reach the age of 90 years compared with women (16.0% vs 34.3%). The proportion of people who have reached the age of 90 years was higher in never smokers compared with former and current smokers for both men (25.6% vs 18.2% and 11.4%, respectively) and women (36.5% vs 32.4% and 26.1%, respectively; Table 1 ).
As shown in Table 2 , male tobacco smokers had a significantly decreased chance of reaching longevity compared with never smokers (RR 0.44, 95% CI 0.34-0.56 and RR 0.76, 95% CI 0.61-0.95 for current and former smokers, respectively) after adjustment for selected confounders. In tobacco-specific multivariable-adjusted analyses, male current cigarette smokers had a significantly decreased chance of reaching longevity compared with never smokers (RR 0.37, 95% CI 0.27-0.50). After additional adjustments for cigarette smoking quantity and duration, the effect estimate between cigarette smoking status and longevity was somewhat weaker (RR 0.47, 95% CI 0.33-0.66). Current cigar smokers had a significantly decreased chance of reaching longevity compared with never smokers (RR 0.48, 95% CI 0.25-0.90). Because the number of exclusively pipe smokers was small, we combined cigar and pipe smokers. In these analyses, current cigar and/or pipe smokers had a significantly decreased chance of reaching longevity compared with never smokers (RR 0.48, 95% CI 0.29-0.77). Men who were current cigarette smokers and current cigar and/or pipe smokers also showed a significantly decreased chance of reaching longevity compared with never smokers (RR 0.41, 95% CI 0.28-0.60; Table 2 ).
In women, current and former cigarette smokers had a decreased chance of reaching longevity compared with never smokers (RR 0.67, 95% CI 0.57-0.78 and RR 0.85, 95% CI 0.75-0.98, respectively). After additional adjustment for cigarette smoking quantity and duration, the association with longevity became somewhat stronger for currently cigarette smoking women (RR 0.61, 95% CI 0.52-0.73; Table 2 ). After adjustment for cigarette smoking quantity and duration, sex still acted as a significant effect modifier (P-interaction = 0.040).
In multivariable-adjusted analyses among current smokers, increasing cigarette smoking quantity was significantly associated with a decreasing chance of reaching longevity, with P trend = 0.006, and P trend = 0.007 in men and women, respectively (Table 3) . Men and women who smoked >20 cigarettes per day had a substantially lower chance of reaching longevity compared with never tobacco smokers (RR 0.29, 95% CI 0.14-0.58 and RR 0.49, 95% CI 0.33-0.72, respectively). A non-significantly inverse doseresponse relationship between smoking quantity and longevity was observed in former cigarette smokers of both sexes (Table 3) .
Across increasing categories of smoking duration, a decreased chance of reaching longevity was observed among current smokers of both sexes (Table 3 ). In multivariable-adjusted analyses, currently smoking men and women who smoked >50 years at baseline were substantially less likely to reach longevity compared with never smokers (RR 0.33, 95% CI 0.23-0.48 and RR 0.62, 95% CI 0.44-0.88, respectively). In former smokers, an inverse trend across categories of smoking duration with reaching longevity was only observed in men (P trend < 0.001). No significant associations were observed between age at smoking initiation and longevity in both sexes (Table 3) .
In men, multivariable-adjusted analyses showed an increasing chance of reaching longevity with earlier ages at smoking cessation compared with current smokers (Table 4) . Men who had quit smoking <5 years before baseline already had a significantly increased chance to reach longevity (RR 1.60, 95% CI 1.02-2.52) compared with current smokers at baseline. Although less strong than in men, an increasing chance of reaching longevity with earlier ages at smoking cessation was also observed in women (P trend = 0.011). In multivariable-adjusted analyses, whether or not participants did inhale cigarette smoke (yes vs no) or smoked filter-tipped cigarettes (yes vs no) made little difference for reaching longevity in both sexes (Table 5) . We found a significantly inverse association of tar and nicotine exposure with longevity in women, and to a lesser extent in men (Table 5) .
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In Appendix S2, no risk factors were identified that significantly modified the effect between cigarette smoking status and longevity. In analyses with a longevity cut-off age of 80 years instead of 90 years, the associations between smoking status and longevity became weaker, but remained statistically significant (Appendix S3).
Discussion
In the present large prospective cohort study of those born in 1916 and 1917, tobacco smoking was significantly inversely associated with the chance of reaching longevity, defined as 90 yearsof-age, in both sexes. The use of specific tobacco products (cigarettes, cigars and pipes) showed comparable results. The association between smoking status and longevity was stronger in men than in women. Several cigarette smoking habits were independently associated with reaching longevity, including cigarette smoking quantity, duration, and exposure to tar and nicotine. Among former smokers, age at smoking cessation was inversely associated with reaching longevity. In men, quitting smoking after the age of 60 years was still found to increase the chance of reaching longevity compared with current smokers at the age of 68-70 years. No significant associations were found with age at smoking initiation.
Unlike previous studies, the NLCS is the first cohort study in which a significant association between smoking status and longevity has been found in women. 9, 11, 17 Even though smoking affected reaching longevity in both sexes, the association was somewhat stronger in men than in women. There are several mortality studies in which the association between smoking habits, and short-and long-term mortality has been assessed. In a metaanalysis of smoking and mortality in older adults, it was also concluded that the effect estimate of smoking status on mortality was somewhat stronger in men than in women. 18 A possible explanation for the differences between men and women regarding smoking status and longevity might be the result of underlying differences in smoking habits. In the present study, women had smoked on average smaller amounts of cigarettes and for a shorter period of time. After additional adjustment for smoking quantity and duration, the effect estimates on smoking status and longevity became more comparable between men and women. However, sex still acted as a significant effect modifier between smoking status and longevity after this adjustment. Another possible explanation could be that never smoking women are more often exposed to passive smoking than never smoking men, which might have led to an underestimation of the association between active smoking and longevity in women. Given the small number of women who have never been exposed to active or passive smoking in the NLCS, we were unable to check whether this was the case.
Few studies have examined other aspects of smoking, besides smoking status, in regard to reaching longevity, and those who did only focused on smoking quantity. 1, 2 In these studies, increasing cigarette smoking quantity was significantly inversely associated with reaching the age of 75 years in both sexes, 1 and reaching the age of 85 years in men. 2 Similarly, several mortality studies in older adults observed dose-response relationships of increasing mortality with increasing number of cigarettes, [19] [20] [21] and smoking duration. 20, 22 Similarly to smoking status, the association of smoking quantity and duration with longevity seemed stronger in men than in women. In contrast, we observed that the inverse association of exposure to tar and nicotine with longevity seemed stronger in Table 3 women than in men. In another study, the association of increasing exposure to cigarette components, including tar and nicotine, with mortality from respiratory and cardiovascular disease was found to be stronger in women than in men. 23 Furthermore, there is some evidence that women who smoke are relatively deficient in estrogen. 24 This indicates that women might be more susceptible to tar and nicotine than men. In the present study, we observed that female smokers smoked on average more often a light type of tobacco and filter-tipped cigarettes than men. As a result, the average cumulative exposure to tar and nicotine per cigarette might be lower in female smokers than in male smokers. This might explain why we did observe a somewhat stronger effect of cigarette smoking quantity in men compared with women, despite a potentially higher susceptibility to tar and nicotine in women. However, this explanation is speculative and should be further explored in future studies. Quitting smoking after the age of 60 years was significantly associated with an increased chance of reaching longevity compared with current smokers. One other study has assessed the relationship of quitting smoking after the age of 50 years with reaching the age of 90 years and reported no significant association, but data were not shown. 8 Similar to the present study, mortality studies in older adults found a decreasing risk of mortality with earlier ages at smoking cessation, and increasing time since smoking cessation in both sexes. 19, 21 To our knowledge, this is the first study that has assessed the relationship of cigar and pipe smoking with reaching longevity. The present findings suggest that, in addition to cigarette smoking, pipe and cigar smoking are both associated with a decreased chance of reaching longevity.
The results of our additional sensitivity analyses using a longevity cut-off age of 80 years instead of 90 years were in line with the results of a previous study, which also studied the relationship between smoking status and longevity using different cut-off ages. 5 These findings, together, show that the strength of the association between smoking status and reaching longevity might vary using different cut-off ages. An important strength of the present study was the prospective character and completeness of follow up. Furthermore, we had extensive data on various smoking habits, making it possible to investigate, as well as adjust for, several smoking characteristics. Nevertheless, some caution is required when interpreting these results. When investigating smoking habits that are highly correlated with each other, the problem of multicollinearity might arise. 25 We tried to reduce collinearity between smoking factors by centering and combining smoking variables, but there might still be some risk that multicollinearity has influenced the present results. 25 One limitation of the present study was that no information was collected on changing smoking habits after baseline measurement. Although few people will start smoking at an older age, some cohort members might have quit smoking during follow up, and would still be classified as a current smoker in our analyses. 26 This might have led to an underestimation of the association between smoking and longevity. Furthermore, the participants were aged 68-70 years at baseline. This means that these participants already survived to an advanced age. Therefore, the effect of smoking on reaching longevity might be stronger in younger cohorts.
In conclusion, the inverse association between smoking and longevity was stronger in men than in women. The deleterious effect of cigarette smoking on longevity seemed to strengthen with increasing smoking quantity and duration, which could partially explain the observed difference between sexes. Overall, never smokers of both sexes had the highest chance of reaching longevity. Quitting smoking significantly increased the chance of reaching longevity compared with current smokers at the age of 68-70 years, in men, even quitting beyond the age of 60 years.
